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© Treatment of zeolites. 

© Crystalline zeolites of rather highly siliceous nature are 
enhanced in catalytic activity (Alpha) by treatment with 
aluminum fluoride, in solid or liquid phase, followed by 
conversion to the protonated form, zeolites such as ZSM-5 
are particularly contemplated. The protonation is advan- 
tageously effected by ammonium exchange followed by 
calcination. 



o. 
ui 



Croydon Printing Company Ltd. 



0134327 

- 1 - 

F-1392(1521) 

TREATMENT OF ZEOLITES 
This invention relates to the treatment of zeo- 
lites to enhance their add activity. 

The ion exchange capacity of a crystalline alu- 
5 minosi Hcate is directly dependent on its aluminum con- 
tent: the more aluminum there is in a crystalline struc- 
ture of the zeolitic kind, the more cations are required 
to balance the electronegativity thereof, and when such 
cations are of the acidic type, such as hydrogen, they 
10 impart high catalytic activity. On the other hand> highly 
siliceous zeolites having little or substantially no alu- 
minum have many Important properties and characteristics 
and a high degree of structural stability and have become 
candidates for use in various processes including cata- 
15 lytic processes. Materials of this type include highly 

siliceous zeolites such as ZSM-5 <US-A-3,702,886) , ZSM-11 
(US-A-3,709,979) and ZSM-12 (US-A-3, 832,449) to mention a _ 
few. 

The si lica-to-alumina ratio of a zeolite is often 

20 variable; for example, zeolite X can be synthesized with 
a silica-to-alumina ratio of from 2 to 3 and zeolite Y 
from 3 to about 6. In some zeolites, however, the upper 
limit of silica-to-alumina ratio is virtually unbounded. 
Zeolite ZSM-5 is one such material, its minimum silica-r 

25 to-alumina ratio being 5. US-A-3,941,871 discloses a 
crystalline zeolite essentially free of aluminum and 
exhibiting an x-ray di f f ract i on' patt e r characteristic 
of ZSM-5. US-A-4,061,724, 4,073,865 and 4,104,294 des- 
cribe microporous crystalline silicas or organo silicates 

30 of which the aluminum content is at impurity level. 

Because of the extremely low aluminum content of 
these highly siliceous zeolites their ion exchange capa- 
city is correspondingly low. Therefore when exchanged 
and processed in a conventional manner they are not as 

35 catalytically active as their higher aluminum containing 
counterpart s . 

The invention permits the preparation of catalysts 
from highly siliceous zeolites which have all the desir- 
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•bit properties Inherently possessed by such materials 
yet have an add activity which heretofore has only been 
manifested by materials having a higher aluminum content 
1n their "as synthesized" form. 

5 According to the present Invention the catalytic 

activity of a crystalline zeolite 1s enhanced by contact- 
ing a zeolite having an 1on exchange capacity less than 
0.7 meg./q, after calcination at 200 to 600°C for from 
1 minute to 48 hours, with aluminum fluoride; and there- 

10 after converting the zeolite Into the protonated (I.e. 

hydrogen or hydronium) form- The contacting may be solid- 
or liquid-phase and the conversion to the protonated form 
may be by hydrolysis or by ammonium exchange followed by 
ca I cinat ion. 

15 The invention is thus concerned with treatment of 

highly siliceous zeolites, particularly those of silica- 
to-alumina ratio greater than 100, preferably greater than 
500, up to and including those aforementioned highly sili- 
ceous materials where the si H c a-t o-a lumi na ratio is infi- 

20 nity or as reasonably cose to Infinity as practically pos- 
sible, prepared from reaction solutions which involve 
no deliberate addition of aluminum. Trace quantities of 
aluminum are usually present in such materials due to 
the impurity of the reaction solutions. The invention 

25 also embraces treatment of those zeolites which have 

lattice elements other than silica and/or alumina asso- 
ciated therewith, such as boron, iron, chromium, etc. 

A typical process in accordance with the invention 
is carried out by impregnating the crystalline zeolite 

30 with an ammoniacal aluminum flouride solution at a tem- 
perature of from about 0°C to about 100°C, preferably 
from about ambient to about 50°C. The impregnated 
zeolite is then contacted with a warm, i.e. 50°C to 90°C, 
aqueous solution of from 0.1 to 2 Normal ammonium salt, 

35 e.g. 1N NH4NO3, and thereafter calcined at a temperature 
of from about 200°C to about 600°C in an inert atmos- 
phere of air, nitrogen, etc. at subatraospher i c atmospheric 
or supera tmospher i c pressures for from about 1 minute to 
about 48 hours. 
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The ammoniacal aluminum flouride solution is com- 
posed of an aluminum flouride, for example AIF 3 , (NH 4 ) 3 AIF 6 
(NH4) 2 AIF 5 or NH4AIF4, and concentrated ammonium hydroxide 
or liquid ammonia. The amound of aluminum fluoride in the 
solution will be from about 0.1 weight percent to about 5 
weight percent of the whole, with the weight to ratio of alu- 
minum flouride to crystalline zeolite being treated during the 
impregnation step being from about 0.1 to about 1 gram/gram. 

The ammonium salt solution contacting step may be 
conducted for a period of time from about 1 hour to about 
20 hours. The ammonium salt used is not narrowly critical 
and will normally be an inorganic salt such as ammonium 
nitrate, ammonium sulfate, ammonium chloride, etc. 

Another typical process according to the Invention 
is carried out by calcining a high silica crystalline 
zeolite having a silica-to-alumina ratio of at least 100, 
preferably at least 500, by heating the same at a tempera- 
ture within the range of about 200°C to 600°C in an atmos-_ 
phere of air/ nitrogen, etc. at atmospheric, superatmos- 
pheric or suba tmosphe r i c pressures for between 1 minute 
and 48 hours. The calcined zeolite is thereafter contacted 
with aluminum fluoride at a temperature of from about 0°C 
to about 650°C, preferably from about 20°C to about 550°C, 
(the melting point of aluminum fluoride is 1040°C). The 
aluminum fluoride treated zeolite may, if desired, be hy- 
drolyzed by contact with water at a temperature of from 
about 20°C to about 550°C. .When the hydrolyzing tempera- 
ture is below 100°C at atmospheric pressure, liquid water 
may be used. When the boiling point of water is exceeded, 
as when the hydrolizing temperature exceeds 100°C at atmos- 
pheric pressure, the zeolite may be purged with water-satu- 
rated gas, e.g. helium. The aluminum fluoride contacted 
and, if desired, hydrolyzed zeolite is contacted with an 
ammonium salt solution, aqueous or non-aqueous, and there- 
after calcined at a temperature of from about 200°C to 
about 600°C in an inert atmosphere of air, nitrogen, 
etc- at subatmospheri c, atmospheric or super atmospheri c 
pressures for from about 1 minute to about 48 hours. 

Optionally, the zeolite may be calcined prior to 
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ammonium salt solution contacting at a temperature of 
from about 200°C to about 600°C In an Inert atmos- 
phere for from about 1 minute to about 46 hours. Also 
the ammonium salt solution contacted zeolite may be 

5 steamed, 1f desired, prior to the final calcination step. 
Such optional steaming step may be conducted at a tempera- 
ture of from about 450°C to about 550°C, with 20 to 
100% steam, for from about 15 minutes to about 24 hours. 
If the optional steaming step is used, the steamed zeo- 

10 Ute may, 1f desired, be again contacted with an aqueous 
or non-aqueous ammonium salt solutln proir to final cal- 
cination. Thus a favoured procedure according to the 
invention would be summarised by the following sequence of 





steps: 




15 


1. 


calcination 




2. 


A IF 3 contact 




3. 


opt 1 on a I hy dro ly si s 




4 B 


optional calcination 




5. 


NH 4 + contact 


20 


6. 


optional steaming 




7. 


optional NH4 + contact 




8. 


ca I c1 nat ion 




The amount 


of aluminum fluoride which is utilized 



In the aluminum fluoride contacting step is not narrowly 
25 critical but usually from about 0.1 to about 1 gram of 

alumnlum fluoride is used per gram of zeolite. The alu- 
minum fluoride may be provided as a precipitate by mixing 
the zeolite with an aqueous solution of an aluminum salt, 
e.g. NaAl0 2 or Al(N0 3 >3, followed by addition to the 
30 mixture of a source of fluoride ions, e.g. N H 4 F in excess. 

The ammonium salt solution contacting step may 
be conducted with an aqueous solution of an ammonium salt 
e.g. NH4NO3, for a period of time of from about 1 hour 
to about 20 hours at a temperature of from ambient to 
35 about 100°C. The ammonium salt used is not narrowly 

critical and will normally be an inorganic salt such as 
ammonium nitrate, ammonium sulfate, ammonium chloride, etc. 
It may also be conducted in non-aqueous fashion under the 
same contact conditions, as when the ammonium salt is pro- 
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vlded In a saturated alcohol solvent solution. The alco- 
hol solvents useful for this Include, as non- 1 1 rai 1 1 ng ex- 
amples, ethanol, propanoic butanol and mixtures thereof. 

Hydrolysis and the ammonium salt solution contact- 
ing steps may be conducted simultaneously when the ammonium 
salt solution 1s aqueous. In any event, the benefits 
gained by the ammonium salt contacting step are realized 
subsequent to the aluminum fluoride contacting step and 
prior to final calcination. 

Activation of zeolites with fluorides thus does 
not require the presence of an alumina-containing material 
as a source of activation aluminum, since according to the 
invention aluminum is provided by the aluminum fluoride 
component with the conditions of contact with the zeolite 
providing an alumination vehicle transporting aluminum into 
the zeolite structure where new acid sites are formed. 
Therefore, supported or unsupported zeolites, including 
those which have undergone severe thermal or hydrothermal 
deformation, may be suitably activated by the present 
method. 

Of the zeolite materials advantageously treated 
in accordance herewith, zeolites 2SM-5, ZSM-12, ZSM-12. 
ZSM-23. ZSM-35, ZSM-38 and ZSM-48 are particularly noted. 
ZSM-23, -35, -38 and -48 are respectively defined by the 
x-ray data set forth in US-A-4,076,842, 4,016,245 and 
4,046,859 and EP-A-15132. Many of these zeolites possess 
a constraint index within the range 1-12, a property which 
can be employed to define zeolites to which the invention 

is applicable. 

The activity enhanced materials prepared according 
to the invention are useful as catalyst components for 
acid catalyzed organic compound conversion reactions. 
Such reactions include cracking of hydrocarbons, wherein 
the reaction conditions include a temperature of from about 
350°C to about 600°C, a pressure of from about 0 to 
about 30 psia, and a weight hourly space velocity of from 
about 0.1 to about 10; and conversion of methanol to gaso- 
line, wherein the raction conditions include a temperature 
of from about 400 C to about 500 C, a pressure of from 
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about 0 to 1000psig, and a weight hourly space velocity 
of from about 0.1 to about 20. 

It nay be useful to composite the above-described 
activity enhanced crystalline zeolite with a matrix resls- 

5 tant to the temperature and other conditions employed 1n 
a conversion process. Suitable matrix materials are well 
known in the art and are described in our EP-A-1695. 

The following examples illustrate the present 
1 nvent ion. 

10 EXAMPLE 1 

Zeolite ZSM-5 having a s1 Hca-to-a lumi na mole ratio 
of about 26,000:1 (65 ppm framework alumina, 110 ppm bulk 
alumina and 0.23 percent sodium) was calcined for 30 minutes 
at 538°C. A two gram sample of the calcined zeolite was 

15 impregnated with 163 milligram of NaAl0£ (Baker's NaAl0 2 
15-20% NaOH; Assay 33.2% Na, 57.1% A l 2 0 3 and 84.5% ash) 
dissolved in 1 milliliter water. The Impregnated material 
was dried for 1 hour at 130°C. To the dried material was 
added 6 milliliters of aqueous solution containing 0.4 gram 

20 NH^F which was a large enough excess to convert all alu- 
minum from the NaAl0£ to AIF3. The mixture was placed 
in an ultrasonic bath for one minute, washed three times 
with 20 milliliters of water, and then dried at 130°C. 
The product was calcined overnight at atmospheric pressure 

25 and 650°C. The calcined material was then exchanged 

with 1N NH 4 N0 3 solution, steamed at 450°C for 22 hours 
(100% steam), again exchanged with 1N NH4NO3 solution, 
and again calcined as above. 

EXAMPLE 2 

30 A 1/6th inch extrudate was made comprising 35 weight 

percent of about 30,000:1 silica/alumina ratio which had 
been calcined at 538°C for 30 minutes. The extrudate 
was calcined in a muffle furnace at 538°C, then refluxed 
in 1N Al(N03>3 for three hours, filtered and dried at 

35 130°C. It was then impregnated with an excess of NH^F 

solution and filtered. The excess NH4F was sufficient to 
cause precipitation of AIF3. The wet filter cake was 
then dried at 130°C and treated with aqueous solution of 
NH^NOj (1N). The resulting product was calcined as above. 
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EXAMPLE 3 

The calcined zeolite employed as starting material 
1n Example 1 was treated with 1N NH 4 N0 3 and calcined 
at 538°C. 

5 EXAMPLE 4 

A 2 gram sample of the calcined zeolite of Example 
3 was Impregnated with a solution containing 2 grams 
Al(N0 3 ) 3 . 9H 2 0, dried at 130°C and then treated 
with an excess of NH4F (sufficient for formation of 

10 AIF3 precipitate). The product was hydrolyzed with hot 

water and then treated with a non-aqueous saturated NH4NO3/ 
ethano I .solution. After drying the product was calcined 
for six hours at 650°C and then again exchanged with 
1N NH4NO3 solution. The final product zeolite was 

15 calcined at 538°C. 

EXAMPLE 5 

The product zeolites of Examples 1 to 4, were 
evaluated for acid activity by the Alpha Test and/or CPI - 
(cyclopropane i some r i za t i on) Test. The results of these 
20 tests are listed below: 

Zeolite Product of Alpha Value CPI Value 

Example Number (n-Hexane Cracking) (Cyclopropane I some r i za t i on 
1 (starting material) 0.015 

1 (end product) 1.9 450 (2) 
25 2 (calcined extrudate) 0.2 

2 (end product) .55 

3 0.015 1 

4 2.1 130 
(1) Estimated value 

30 (2) Extensive olefin o I i gomer i za t i on also observed 

It is observed from this that Alpha Values were 
enhanced by the present method from 0.015 to 1.9, from 
0.2 to 55 and from 0.015 to 2.1, respectively. CPI values 
were enhanced from 1 to 450 and from 1 to 130, respectively. 
35 It is also noted that mere ion exchange of the high silica 
material of. Example 1 produced no activity enhancement.- 

EXAMPLE 6 

For comparison purposes, a 2 gram sample of the 
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calcined zeolite of Example 3 was impregnated with 450 
milligrams of anhydrous AICI3 dissolved in solvent alco- 
hol (95% ethanol and 5% isopropyl alcohol) and calcined 
at 538°C for 16 hours in air. One half of the resultant 

5 product was hydrolyzed in water and calcined at 538°C. 

The second half was treated with 1N NH 4 N0 3 , washed, dried 
at 13o°C and then calcined at 538°C. 

The two products of this example were evaluated as 
was done for the product zeolites of Examples 3 and 4. 

10 The results are listed below: 
Zeolite Product of 
Example Number Alpha Value CPI Value 

3 0.015 1 

4 2.1 130 
15 6 First Half 2.5 88 

6 Second Half 0.4 

As is known in the art, the Alpha Value is an 
approximate indication of the catalytic cracking activity 
of the catalyst compared to a standard catalyst and it gives 

20 the relative rate constant (rate of normal hexane conver- 
sion per volume of catalyst per unit time). It is based 

on the activity of the highly active silica-alumina crack- 
ing catalyst taken as an Alpha of 1 (Rate Constant = 0.016 
sec"" 1 ). The Alpha Test is described in The Journal of 

25 Catalysis, Vol. IV, pp. 522-529 (August 1965). 

The CPI Index is a measure of the i s omer i z at i on 
activity of a particular catalyst. The test involves 
measuring the rate of cycloporpane isomerization over the 
test catalyst and comparing it against silica-alumina (46 

30 A.I.) as a reference standard. The test procedure involves 
utilizing a 5 to 250 mg. catalyst sample having a particle 
size of 20 to 200 mesh and mixing the same with about 1 ml 
of Vycor chips. The mixture is loaded into a 5 mm inside 
diameter Vycor reactor tube which is heated in air at a 

35 flow rate of 150 ml per minute to 538°C and maintained 

there for 30 minutes. The sample is then cooled at 250°C 
in helium at a flow rate of 12-18 ml per minute. Cyclo- 
propane ( he I i urn / cy I cop ropane, 4, vol. to vol.) is then 
introduced and the reactor effluent analyzed by gas 
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chromatographic techniques. The contact time is adjusted 
to keep the conversion within 0.5 to 50%. Since it is 
well known in. the literature that the i some ri zat i on of 
cyclopropane is first order, rate constants may be deter- 

5 mined at several temperatures to check for diffusional 

limitations. Using the above technique/ the first order 
rate content for the standard 46 A.I. silica-alumina cata- 
lyst is 63.3 seconds " 1 at 25o°C. This value was 
arbitrarily assigned an index of 1,000 so as to serve as 

10 a reference value. Thus, for example, the cyclopropane 
index (CPI Index) for a candidate catalyst with a first, 
order rate constant of 0.633 would be determined as . 
f ol lows: 

1,000 x 0.633 =10 
15 63.3 

EXAMPLE 7 

An uncalcined portion of the zeolite employed as. 
starting material in Example 1 was vacuum impregnated 
with saturated non-ammoni aca I, aqueous aluminum flouride 

20 solution, i.e. (NH 4 ) 3 AIF 6 at 25°C. After 30 minute? 

impregnation contact, the zeolite was dried at 130°C and 
contacted three times over- an 18 hour period with 1N 
NH 4 N0 3 <26°C). The sample was then washed, dried 
at 13o°C and calcined at 538°C. 

2 5 EXAMPLE 8 

The zeolite employed in Example 7 was vacuum 
impregnated at 25°C with a saturated ammoniacal solution 
of (NH 4 ) 3 AIF 6 (in concentrated NH4OH) . It was. then 
dried, treated with 1N NH4NO3 and calcined as. in .. 

30 Example 7. 

EXAMPLE 9 

The zeolite employed in Example 7 was mixed with 
an equal weight of (NH 4 ) 3 AIF 6 and added to an equal 
volume of solid ammonia. The ammonia was melted at about 
35 -70 C and the resultant thin slurry was mixed thoroughly 
for 30 minutes at -70°C to 30°C. The excess ammonia 
boiled off and the zeolite was heated with NH 4 N0 3 (80°C). 
The (NH,>,AIF. was washed out by the process. The 
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resultant zeolite was then calcined at In Example 8. 

EXAMPLE 10 

The zeolite employed In Example 7 was treated as 
1n Example 8 except that a boron fluoride, NH4BF4, was 
5 substituted for the aluminum fluoride, (NH^j A IF^. 

EXAMPLE 11 

Zeolite ZSM-5 having a s 1 1 1 c a- 1 o-a I urn 1 na mole ratio 
of 70:1 was calcined 1n air for 60 minutes at 1000°C, and 
used to catalyse methanol conversion to hydrocarbons at 

10 370 o C, 0 ps1g and a WHSV of 1.4. After 15 days on stream, 
the zeolite was regenerated by heating to 538°C 1n air 
for 30 minutes. The regenerated zeolite was then impreg- 
nated with a boron fluoride, NH4BF4, treated with 
NH4NO3 and calcined as in Example 10. Its Alpha Value 

15 was determined. The post-regeneration treatment was then 
repeated except that he impregnation was with an alkali 
metal fluoride, NaF, rather than the boron fluoride. Its 
Alpha Value was determined. The zeolite was then treated 
by the method according to the invention with an ammoniacal 

20 aluminum fluoride, ammonium salt solution and calcined as 
in Example 9. Its Alpha Value was determined. 

EXAMPLE 12 

Zeolite ZSM-5 having a si 1 1 ca- 1 o-a lum 1 na mole 
ratio of 250:1 was activated by treatment with volatile 
25 AICI3 and calcination for 30 minutes at 538°C in air. 

Its Alpha value was determined, and it was then treated by 
the method according to the invention as in Example 8 and 
Its Alpha Value determined. 

The Alpha values of the various products of the 
Examples are listed below: 
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F-1392 (1521) 
CLAIMS 

1. A method of enhancing the catalytic activity of 

a crystalline zeolite having an Ion exchange capacity less 
5 than 0.7 meq/g which comprises calcining the zeolite at 
200 to 600°C for from 1 minute to 48 hours, contacting 
the calcined zeolite with aluminum fluoride, and convert- 
ing the zeolite thus contacted to the protonated form. 

2. A method according to claim 1 wherein the aluminum 
10 fluoride is in the solid phase. 

3. A mthod according to claim 1 or claim 2 wherein 
the aluminum fluoride is precipitated in the presence of 
the zeolite. 

4. A method according to claim 3 wherein the aluminum 
15 fluoride is precipitated from an aqueous solution of an 

aluminum salt by addition thereto of a source of fluoride 
ions. 

5. A method according to claim 4 wherein the source 
of fluoride ions is an aqueous solution of ammonium fluor- 

20 ide. 

6. A method according to claim 1 wherein the alumin- 
ium fluoride is in the liquid phase. 

7. A method according to claim 6 wherein the alumin- 
ium fluoride is in the form of an ammoniacal solution. 

25 8. A method according to claim 6 or claim 7 wherein 

the aluminum fluoride is AIF3, (NH 4 ) 3 AIF 6 , CNH 4 ) 2 AIF 5 
or NH 4 AIF 4 . 

9. A method according to any preceding claim wherein 
the conversion of the zeolite to the protonated form is 

30 effected by ammonium exchange followed by calcination at 
200 to 600°C. 

10. A method according to any of claims 1 to 8 wherein 
the conversion of the zeolite to the protonated form is 
effected by hydrolysis at a temperature of 20 to 55o°C. 

35 11. A method according to any of claims 1 to 5 wherein 

the contacting with aluminum fluoride is carried out at a 
temperature of 20 to 55o°C. 

12. A method according to any of claims 1 and 6 to 10 

wherein the contacting with aluminum fluoride is carried 
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out at a temperature of 0 to 100°C 

13. A method according to any preceding claim wherein 

the weight ratio of aluminum fluoride to zeolite during 
the contacting is from 0.1 to 1.0. 
5 14. A method according to any preceding claim wherein 

the starting zeolite has a silica/alumina mole ratio 
greater than 100. 

15. A method according to any preceding claim wherein 
the starting zeolite has a si 1 1 ca/a lumi na mole ratio greater 

10 than 500. 

16. A method according to any preceding claim wherein 
the starting zeolite is one syntheslsed from a reaction 
mixture in which alumina is present only as an Impurity. 

17. A method according to any preceding claim whereii 
15 the starting zeolite contains lattice elements other than 

- silicon and aluminum. 

18. A method according to any of claims 1 to 17 wherein 
the zeolite is ZSM-5, -11, -12, -23, -35, -38 or -48. 

19. A method according to any of claims 1 to 17 wherein 
20 the zeolite has a constraint index in the range of 1 to 12. 

20. Use of zeolites of enhanced activity, obtained by 
the method claimed in any preceding claim, as catalysts or 
catalyst components in the conversion of organic compounds. 

25 
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